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A fast and low-cost approach for heterodyne RF testing of high-speed EO
modulators for manufacturing
ABSTRACT
Standard measurement of RF bandwidth, whether the device under test (DUT) is an
optical receiver or an optical transmitter, requires the use of very expensive equipment.
A vector network analyzer (VNA) is often used to characterize the frequency response of
a DUT in both amplitude and phase from DC to high frequency. In the telecommunication
industry, the test frequency upper limit is continually growing, which causes test
challenges, both in terms of complexity and test equipment cost. It is proposed to look at
testing components up to 110 GHz. Most of the times, from a production standpoint, only
the amplitude response is needed for device screening purposes. A well-known technique
for testing optical receivers is to use a heterodyne laser beating as an optical source for
testing. This approach reduces test equipment cost significantly by avoiding the use of a
VNA as the electrical source/detector for RF signals. A less known technique is the
application of heterodyne to testing modulators. A version of this technique has been
proposed. However, the approach used is rather complex, costly, and cannot be fast due
to the use of an electrical spectrum analyzer (ESA). A novel approach is presented using
the same basic concept (which is the use of a beating on a photodiode as an RF source
to characterize a transmitter) that does not require frequency discrimination at the output,
which allows the measurement over the whole RF band to be done in a few seconds,
which is faster than a VNA approach and heterodyne techniques known.
DETAILED DESCRIPTION
Figure 1 is the suggested test setup applied for a dual-polarization I-Q modulator.

Figure 1
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The most important concepts of the test setup are the following:
1. The heterodyne conversion
a. A first laser (the fixed laser, can be an ITLA or a slow/low-cost laser) is
split in half with half of the power input used as input light to the modulator
under test and the other half sent to an optical coupler.
b. A second laser (that can be continuously swept over the C-band) is
combined with the fixed laser through this optical coupler.
c. The combined light goes through a variable optical attenuator that is
electrically tunable and can work in the > 1 kHz speed.
d. Light is sent to a high-speed photodetector. A RF tone at the frequency
difference between the two lasers is generated on that photodiode and the
power of that tone can be calibrated using the VOA.
e. An optical tap can also be added before the photodetector to assess
calibration stability (not shown in this setup).
2. RF path
a. A DC block suppresses the DC current coming out of the photodiode.
b. The AC signal at the required frequency is routed through the modulator
under test via a RF switching system. The RF switch system used is
currently limited to tests at 67 GHz.
3. Modulator bias
a. The test suggested in this disclosure is performed when the modulator
under test is biased at maximum and the untested modulators are biased
at minimum.
b. Using feedback from a dither-based system (using well known locking
techniques), the bias points are found and used in the RF test.
4. RF signal detection
a. In opposition with existing techniques, only an optical power meter is used
to extract the RF response of the modulator.
b. Since the averaging time of the power meter is multiple orders of
magnitude higher than the RF frequencies (10 us period for the power
meter and lower than 1 ns for RF), reading the power meter effectively
yields the average modulated output optical power.
The measurement is based upon the fact that the average output power is lowered by a
modulation around the maximum bias point. The following equations can be
demonstrated when a modulator is driven using a sinewave RF signal around its
maximum bias point. As a function of the RF drive parameter K and the beat frequency
fm, the output optical power can be calculated:
𝜋
(𝑓 )𝑍 𝜌(𝑓 )√2𝑃0 𝑃1 (1)
𝑆
2 21𝑟𝑓𝑖𝑛 𝑚 0 𝑚
𝐾cos(2𝜋𝑓𝑚 𝑡 + ∆𝜑)
𝐾cos(2𝜋𝑓𝑚 𝑡)
𝑃𝑂𝑈𝑇 (𝑓𝑚 ) = 𝐴2 𝑃𝐼𝑁 𝑐𝑜𝑠 2 (
) ~𝐴2 𝑃𝐼𝑁 𝑐𝑜𝑠 2 (
)
𝑉𝜋 (𝑓𝑚 )
𝑉𝜋 (𝑓𝑚 )
𝐾=

(2)
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A is the transmission parameter describing insertion loss of the modulator. Since
the measurement is relative, it has no impact.
PIN is the input optical power to the modulator. Since the measurement is
relative, it has no impact. It only needs to be high enough to have sufficient
output power for measurement.
S21rfin is the electrical transmission of the DC block, switch system and RF
cables connecting the output of the photodiode to the DUT, which is a function of
the RF frequency.
Z0 is the reference impedance of the photodiode, which is 50 Ω.
ρ is the calibrated responsivity of the high-speed photodetector as a function of
the RF frequency.
P0 and P1 are the respective optical powers of the lasers which are combined in
the photodetector.
K is the combined voltage drive of the sinewave driving the modulator. When it is
equal to one, the peak-to-peak voltage drive is equal to twice the modulator Vπ.
fm is the RF modulation frequency equal to the frequency difference between the
lasers.
Δφ is the phase of the heterodyne signal. Since the measurement feedback of
this technique uses a time-averaged value over multiple periods, it is neglected
for this activity.
Vπ is the RF voltage change required to get a π phase-shift out of the RF
electrodes as a function of the RF frequency. It is from this parameter that the
S21 of the modulator is calculated. As the modulation efficiency is lowered, the
effective Vπ gets higher.
Pout is the output modulated optical power from which the measurement
processing is done.

The process is done in 2 phases: a calibration phase and a measurement phase. The
calibration needs to be performed initially and its accuracy can be reassessed
periodically. A RF power detector with a frequency range compatible with the
measurement requirement is needed for this calibration. The calibration goes as follows:
1. The RF power detector is connected at the DUT RF input plane for the first
channel to be calibrated.
2. A target RF input power for the DUT is chosen. For good accuracy and dynamic
range, a peak voltage around 20 to 30 % of the minimum RF V π over the test RF
band is a good target. The calibration can target multiple RF powers to allow
more flexibility later.
3. The presence of the VOA allows dynamic tuning of the RF power as a function of
the frequency. The goal is to find the VOA attenuation that delivers the RF power
selected in step 2 at every test frequency. This can be done in an iterative
sequence.
a. First, a nominal VOA attenuation is found to have the target RF power at
low frequency (~1 GHz).
i. To accurately set this frequency, the wavelengths of the lasers
need to be precisely assessed. A quick way to do this is to sweep
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the laser wavelength until there is no RF power on the RF power
detector. When this situation is reached, it means the laser
frequencies f0 and f1 are the same. The offset between the laser
setting can then be integrated in the calculation of the wavelengths
to be swept.
b. Then, a wavelength sweep is performed over the whole RF band with this
attenuation. A calculation is done to find the attenuation as a function of
wavelength that will give a constant RF power over the whole frequency
range to compensate for the RF losses in the path.
c. Using this VOA attenuation as a function of frequency, a new wavelength
sweep is performed to assess the flatness of the RF power over
frequency. If not flat enough, adjustments are performed to this
attenuation vector until the RF power is perfectly flat over frequency.
4. That process is repeated for each of the DUT channels.
With this calibration completed, the K parameter is a constant as a function of
frequency, which makes equation (2) only dependent upon the V π of the modulator. The
RF test normally consists of:
• A RF Vπ value at low frequency (normally set between 1 GHz and 5 GHz).
• A S21 (the frequency response of the modulator) normalized at the frequency
where the RF Vπ is measured.
The measurement goes as follows:
1. Use the modulator bias locking to find the right bias points for the modulator. For
example, to test the XI modulator, the XI MZM is set at maximum transmission
and all the other MZs are set at minimum transmission using the DC phase
shifters.
2. Record the output optical power, which is the reference when no modulation is
applied.
3. Setup the wavelength sweep so that the laser sends TTL triggers to the VOA and
the optical power meter. The triggers will be used to set the right attenuation at
each frequency during the wavelength sweep (attenuation to be set is found
through the calibration process) and to record the optical power meter.
4. Execute the wavelength sweep between 1 GHz and the end frequency (67 GHz
when a RF switch system is in the test setup). This sweep can be done within 2
to 3 seconds, which is much faster than a VNA sweep.
5. Calculate the RF Vπ at 1 GHz using the sweep results. The process to do this is
well known and currently used within Ciena (see reference 2). For example, if the
mean power reading from the sweep at the lowest frequency is 0.3 dB lower than
the DC optical power, it is known that the RF power sent to the device is
equivalent to 0.47Vπ. The RF Vπ can then be inferred from this graph, that comes
from an ideal MZM simulation (Figure 2).
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Figure 2

6. Since the RF power is a constant across the frequency sweep due to the
calibration method, the same process can be repeated over the whole frequency
sweep to yield the RF Vπ at each frequency. Any change of modulated optical
power is due to a change in the S21 of the DUT.
7. The normalized S21 can be inferred from the RF Vπ ratio when referred to the
lower frequency value. For example, when the RF response yields an RF Vπ at
twice the low frequency value, it means the S21 is -6 dB at that frequency (see
Figure 3).

Figure 3
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The math and processing are thoroughly detailed below.
Assume a tunable laser at frequency f0 and power P0 and a fixed laser at frequency f1 =
f0 + fm and power P1. Assuming perfect optical couplers, the input electrical field on the
modulator fiber is the following.

𝐸𝑖𝑛 = √

𝑃0 𝑖(2𝜋𝑓 𝑡+𝜑 )
0
0
𝑒
2

(1)

Calculate the input light of the reference photodetector A. The two following optical
fields are combined through the PM coupler.
𝑃0 𝑖(2𝜋𝑓 𝑡+𝜑 )
0
0
𝑒
2

(2)

𝐸1 = √𝑃1 𝑒 𝑖(2𝜋𝑓1 𝑡+𝜑1)

(3)

𝐸0 = √

Calculate the output current on the reference photodiode. In the following equation, ρ is
the calibrated responsivity of the photodiode and P is the optical input power at the
photodiode.
𝐼𝑃𝐷 (𝑓) = ρ(𝑓)𝑃 = ρ(𝑓)(𝐸0 + 𝐸1 )(𝐸0 + 𝐸1 )∗

(4)

Further simplify this equation to the following form.
𝐼𝑃𝐷 (𝑓) = ρ(𝑓) [

𝑃0
+ 𝑃1 + √2𝑃0 𝑃1 cos(2𝜋𝑓𝑚 𝑡 + ∆𝜑) ]
2
𝑓1 = 𝑓0 + 𝑓𝑚 (6)
∆𝜑 = 𝜑1 − 𝜑0 (7)

(5)

Since there is only interest in the AC component generated, a DC block can be
integrated after the photodiode. Using this hardware that is 50 ohms terminated, a
voltage wave is generated. At the output of the PD:
𝑉𝑃𝐷 (𝑓) = 𝑍0 𝐼𝑃𝐷 (𝑓) = 𝑍0 ρ(𝑓) [

𝑃0
+ 𝑃1 + √2𝑃0 𝑃1 cos(2𝜋𝑓𝑚 𝑡 + ∆𝜑) ]
2

(8)

Considering a perfect DC suppression using the bias tee and a voltage transmission
through the RF path between the DC block output and the RF input of the DUT
S21_rf_in(f).
𝑉𝐼𝑁 (𝑓) = 𝑆21𝑟𝑓 (𝑓)𝑍0 ρ(𝑓)√2𝑃0 𝑃1 cos(2𝜋𝑓𝑚 𝑡 + ∆𝜑)
𝑖𝑛

(9)
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This last equation shows that a voltage wave at a frequency controlled by the laser
wavelengths can be generated and used as an RF input for the modulator DUT.
Now look at the response of the modulator in the case where this voltage wave is
applied to the RF electrode of the modulator. Using a standard MZ transfer function for
simplicity,
𝜋𝑉𝐼𝑁 (𝑓)
𝐸𝑂𝑈𝑇 (𝑉) = 𝐴√𝑃𝐼𝑁 𝑐𝑜𝑠 (
+ 𝜃𝐷𝐶 ) 𝑒 𝑖(2𝜋𝑓0 𝑡+𝜑0)
2𝑉𝜋 (𝑓)

(10)

Where PIN is the input power of the modulator, VIN is the RF signal input of the
modulator, Vπ is the voltage required for π phase shift on the RF electrodes at a given
frequency, A is a term for the optical losses inside the DUT.
In the case of this demonstration, focus on modulation around the maximum of the MZ,
which imposes θDC = 0. Integrating equation (9) in equation (10), to get:
𝜋𝑆21𝑟𝑓 (𝑓𝑚 )𝑍0 ρ(𝑓𝑚 )√2𝑃0 𝑃1 cos(2𝜋𝑓𝑚 𝑡 + ∆𝜑)
𝑖𝑛
) 𝑒 𝑖(2𝜋𝑓0𝑡+𝜑0)
𝐸𝑂𝑈𝑇 (𝑓𝑚 ) = 𝐴√𝑃𝐼𝑁 𝑐𝑜𝑠 (
2𝑉𝜋 (𝑓𝑚 )

(11)

Now, an experimental simplification can be done using the VOA that is in the path
before the photodiode. Set a target attenuation that can be a function of the swept
frequency to compensate the variability of the RF losses in the path so that the RF tone
that is input to the modulator is constant as a function of frequency. K becomes the
drive factor of the modulator, where K = Vπ means a full peak to peak drive of 2π.
𝜋
𝑆
(𝑓 )𝑍 𝜌(𝑓 )√2𝑃0 𝑃1 (12)
2 21𝑟𝑓𝑖𝑛 𝑚 0 𝑚
𝐾cos(2𝜋𝑓𝑚 𝑡 + ∆𝜑) 𝑖(2𝜋𝑓 𝑡+𝜑 )
0
0
𝐸𝑂𝑈𝑇 (𝑓𝑚 ) = 𝐴√𝑃𝐼𝑁 𝑐𝑜𝑠 (
)𝑒
𝑉𝜋 (𝑓𝑚 )
𝐾=

(13)

With the output power meter, the total output power can be calculated as:
𝐾cos(2𝜋𝑓𝑚 𝑡 + ∆𝜑)
𝑃𝑂𝑈𝑇 (𝑓𝑚 ) = 𝐴2 𝑃𝐼𝑁 𝑐𝑜𝑠 2 (
)
𝑉𝜋 (𝑓𝑚 )

(14)

The concept of the measurement is then as follows:
• When modulating around the maximum, the average output power will be lower
than the DC power.
• Since K is fixed to be a modulation with constant amplitude as a function of the
modulation frequency, any change in the output average power is due to the
change in S21 of the modulation under test.
• It is possible to use the last equation to translate an output power change with a
S21 change.
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•

Since the modulation frequencies are way higher than the averaging time of a
power meter, it can be approximated that many beat periods will be present
within an averaging window and use Δφ= 0.

A 3dB drop in voltage at the source has a 6 dB impact on the modulator EO S21 reporting.
A new method for performing RF heterodyne testing of high-speed modulators is
presented. This is the first time a heterodyne technique without frequency discrimination
at the output is used to extract the S21 response of a device. The RF calibration used is
also very simple, using a VOA to set the RF power. This simplifies the process because
no VNA is required to calibrate the RF path and the response of the high-speed
photodetector does not need to be accurately known, as was required with previously
demonstrated techniques. Pending the development of higher speed photodetector and
RF switches, this technique is also scalable for use at higher frequencies without
additional measurement components, as it only relies on mean optical power
measurements for the whole RF band. Therefore, the approach presented can accurately
be implemented for production testing due to its simplicity, its speed, and its low cost.
•

•

The use of the VOA and RF power meter to perform the calibration of the system
is considered as novel. All the currently known solutions require a VNA to
calibrate the system RF path. The calibration scheme presented here can rely on
a simple wide band RF power meter that can cost as low as 500$.
The methods previously known relied on frequency discrimination at the output
(either through spectral analysis using an ESA or bandpass electrical filtering) as
opposed to the approach presented here, which is a DC optical detection. The
maximum biasing concept was used for single frequency RF Vπ testing, but
never within a heterodyne frequency sweep.
o The use of maximum bias point for S21 assessment is different than the
quadrature point used for standard VNA measurement. The use of this
bias point allows to measure a S21 change using an optical power
change, as is mathematically demonstrated in this work.

It will be appreciated that some embodiments described herein may include one or more
generic or specialized processors (“one or more processors”) such as microprocessors,
digital signal processors, customized processors, and Field-Programmable Gate Arrays
(FPGAs) and unique stored program instructions (including both software and firmware)
that control the one or more processors to implement, in conjunction with certain nonprocessor circuits, some, most, or all of the functions of the methods and/or systems
described herein. Alternatively, some or all functions may be implemented by a state
machine that has no stored program instructions, or in one or more Application-Specific
Integrated Circuits (ASICs), in which each function or some combinations of certain of the
functions are implemented as custom logic. Of course, a combination of the
aforementioned approaches may be used. Moreover, some embodiments may be
implemented as a non-transitory computer-readable storage medium having computerreadable code stored thereon for programming a computer, server, appliance, device,
etc. each of which may include a processor to perform methods as described and claimed
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herein. Examples of such computer-readable storage mediums include, but are not
limited to, a hard disk, an optical storage device, a magnetic storage device, a ROM (Read
Only Memory), a PROM (Programmable Read-Only Memory), an EPROM (Erasable
Programmable Read-Only Memory), an EEPROM (Electrically Erasable Programmable
Read-Only Memory), Flash memory, and the like. When stored in the non-transitory
computer-readable medium, the software can include instructions executable by a
processor that, in response to such execution, cause a processor or any other circuitry to
perform a set of operations, steps, methods, processes, algorithms, etc.
Although the present disclosure has been illustrated and described herein with reference
to preferred embodiments and specific examples thereof, it will be readily apparent to
those of ordinary skill in the art that other embodiments and examples may perform similar
functions and/or achieve like results. All such equivalent embodiments and examples are
within the spirit and scope of the present disclosure.
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